( J C Seferis)
The s u b j e c t of t h e s t u d y has been a composite based on 61% by volume of c a r b o n f i b r e s impregnated w i t h a p o l y ( e t h e r e t h e r ketone) matrix. The aims of t h e work have been s e v e r a l f o l d .
( a ) To p r o v i d e a background knowledge and r e v i e w of a new technology based on c o n t i n u o u s f i b r e r e i n f o r c e d t h e r m o p l a s t i c composites ( c o n d u c t e d by l a b o r a t o r y 5 ) . ( b ) To i d e n t i f y some of t h e e a r l y documented r e s u l t s on toughness ( l a b o r a t o r y 5 ) .
( c ) To s t u d y toughness e x p e r i m e n t a l l y i n i t s many m a n i f e s t a t i o n s f o r CF/PEEK and i n p a r t i c u l a r t o p r o v i d e a n u n d e r s t a n d i n g of how toughness measurements may be i n t e r p r e t e d .
( d ) To examine t h e l i k e l y problems t h a t occur when a s i n g l e m a t e r i a l undergoes toughness measurements by many l a b o r a t o r i e s , who b e l i e v e t h a t t h e y may be measuring s i m i l a r p r o p e r t i e s b u t p o s s i b l y a r e not!
Sample p r e p a r a t i o n ( l a b o r a t o r y 8) r e s u l t e d i n t h e p r o d u c t i o n of b o t h u n i d i r e c t i o n a l
( [ 01 2 o and [ 0 1 4 0 ) and a n g l e -p l y l a m i n a t e s ( [ 5451 *s).
Pre-pregs of CF/PEEK were c o n s o l i d a t e d i n t o l a m i n a t e s u s i n g a n a u t o c l a v e process.
The p r e -p r e g s s t a c k s were bagged a t room t e m p e r a t u r e i n o r d e r t o c r e a t e a vacuum.
Heating was conducted a t a r a t e of S°C/min u n t i l a t e m p e r a t u r e of about 380-4OO0C was reached.
The s t a c k was h e l d a t t h i s c o n d i t i o n f o r a t i m e c a l c u l a t e d on t h e b a s i s of a p p r o x i m a t e l y 1 minute p e r p l y t h e n cooled t o room t e m p e r a t u r e a t 1O0C/min a f t e r which p r e s s u r e and vacuum were r e l e a s e d .
All l a m i n a t e s were u l t r a s o n i c a l l y C-scanned i n o r d e r t o c o n f i r m t h a t t h e c o n s o l i d a t i o n p r o c e s s had been s u c c e s s f u l .

BACKGROUND TECHNOLOGY
Thermoplastic versus thermoset matrix material
A major d r i v i n g f o r c e towards i n t e r e s t i n long f i b r e r e i n f o r c e d composites has been t h e demand from t h e t r a n s p o r t i n d u s t r y , p a r t i c u l a r l y t h e a i r c r a f t i n d u s t r y , f o r weight r e d u c t i o n . Indeed, c o n t i n u o u s f i b r e r e i n f o r c e d composites p o s s e s s good s p e c i f i c p r o p e r t i e s , i e . h i g h s t i f f n e s s and s t r e n g t h t o d e n s i t y r a t i o , p r o v i d i n g t h e o p p o r t u n i t y of weight s a v i n g and hence energy saving.
So f a r , thermoset based composites have been used i n a e r o s p a c e a p p l i c a t i o n s b u t t h e i r drawbacks i n terms o f : --Limited s h e l f l i f e of p r e p r e g --No s c r a p r e c o v e r y -Poor impact r e s i s t a n c e , low toughness -Poor performances when hot and wet -Limited s o l v e n t r e s i s t a n c e Lengthy and cumbersome c u r i n g c y c l e s have l e d t o a new g e n e r a t i o n of l o n g f i b r e composites based on t h e r m o p l a s t i c m a t r i c e s . This new c l a s s of m a t e r i a l i s u n l i k e l y t o r e p l a c e c o n v e n t i o n a l thermoset based composites completely,
b u t w i l l l e a d t o t h e e x t e n s i o n of composite p r o p e r t i e s e s p e c i a l l y i n t o u g h e r a p p l i c a t i o n s and h o s t i l e environments. The advantages of t h e r m o p l a s t i c based composites a r e mainly: --Higher mechanical p r o f i l e , i e h i g h e r d u c t i l i t y and toughness
-B e t t e r ' environmental' r e s i s t a n c e f o r c e r t a i n m a t r i x systems, i e . b e t t e r water and s o l v e n t r e s i s t a n c e -Ease of p r o c e s s i n g , l e a d i n g t o a n i n c r e a s e of p r o d u c t i o n r a t e s
Composites based on PEEK
Continuous c a r b o n f i b r e r e i n f o r c e d t h e r m o p l a s t i c composites have been under development and e v a l u a t i o n s i n c e 1975. J T Hoggatt i n 1975 ( 1 ) i n v e s t i g a t e d t h e p r o c e s s i n g parameters, t h e environmental and mechanical p r o p e r t i e s of composites based on p o l y s u l f o n e and p o l y e t h e r s u l p h o n e m a t r i c e s .
The same kind of work was performed i n 1979 by G E Husman and J T H a r t n e s s ( 2 ) on p o l y p h e n y l s u l f o n e m a t r i x composites. One of t h e major drawbacks of amorphous m a t r i c e s l i k e p o l y s u l f o n e and p o l y e t h e r -sulphone however i s t h e i r l a c k of s o l v e n t r e s i s t a n c e , which w i l l l i m i t t h e i r a p p l i c a t i o n s i n a i r c r a f t components. - -The f i l m s t a c k i n g method which c o n s i s t s of i n t e r l a y i n g l a y e r s of f i b r e s ( i n t h e form of e i t h e r u n i d i r e c t i o n a l l a y e r s o r f a b r i c ) w i t h f i l m s of t h e r m o p l a s t i c , and compression moulding t o g i v e a s h e e t s t o c k . This method was d e v i s e d and developed by D J Murphy and L N P h i l l i p s from RAE Farnborough ( 3 ) .
However f o r good w e t t i n g of i n d i v i d u a l f i b r e s , t h i s b a t c h p r o c e s s r e q u i r e s a p p l i c a t i o n of h i g h p r e s s u r e s ( f o r up t o 4 h o u r s ) , which makes i t r e l a t i v e l y expens i ve.
-The second p r o c e s s i s known a s s o l v e n t c o a t i n g . The r e s i n s e l e c t e d i s d i s s o l v e d i n s o l v e n t , a f t e r which a s p e c i a l l y s u r f a c e -t r e a t e d f i b r e i s impregnated w i t h t h e s o l u t i o n by means of a c o a t i n g head.
The s o l v e n t i s s u b s e q u e n t l y removed from t h e f i b r e by t h e p r o c e s s of e v a p o r a t i o n . This p r o c e s s i n g method cannot be employed w i t h PEEK because of i t s o u t s t a n d i n g s o l v e n t r e s i s t a n c e a s i s p o i n t e d o u t by R B Rigby ( 4 ) .
-As t h e p r o c e s s of s o l v e n t e v a p o r a t i o n p o s s e s s e s some u n f a v o u r a b l e environmental c o n n o t a t i o n s , a t h i r d p r o c e s s known a s h o t -m e l t -c o a t i n g i s o f t e n p r e f e r r e d .
High t e m p e r a t u r e (370-42OOC) r e p l a c e s t h e s o l v e n t i n o r d e r t o reduce t h e p l a s t i c m a t e r i a l t o a s u i t a b l e v i s c o s i t y f o r thorough f i b r e impregnation, which i s accomplished by means of a s p e c i a l l y adapted head.
This p r o c e s s i s u s u a l l y w e d f o r matrices l i m i t e d i n t h e r m a l s t a b i l i t y l i k e Nylon and Poly( e t h y l e n e t e r e p h t h a l a t e ) a s i s mentioned by P E McMahon and M Maximovitch ( 5 ) .
I n t h e s e l a s t two p r o c e s s e s , t h e c o a t e d f i b r e s a r e t h e n t a k e n up on a h e a t e d drum and f u s e d t o g e t h e r i n p a r a l l e l t o make t a p e s of v a r i o u s width, o r used t o make woven f a b r i c s .
The a c t u a l p r o c e s s i n g t e c h n o l o g y used t o produce t h e a r o m a t i c polymer composite, based on t h e PEEK matrix, has n o t been quoted i n any papers r e l a t e d t o t h e p r e s e n t t o p i c .
N e v e r t h e l e s s , I C I has developed a t e c h n i q u e f o r c o n t i n u o u s l y impregnating c a r b o n f i b r e s u s i n g b o t h h i g h t e m p e r a t u r e and p r e s s u r e .
The product, t y p i c a l l y , i s made a s a u n i a x i a l t a p e about 0.1mm t h i c k , which c a n be processed i n t o s h e e t and moulded items.
As i s mentioned by G R B e l b i n ( 6 ) , t h i s a r o m a t i c polymer composite ( AF'C), p o s s e s s e s a n i m p o r t a n t advantage i n t h a t i t c a n be processed u s i n g adapted t e c h n i q u e s borrowed from b o t h t h e metal working i n d u s t r y and t h e thermoset composites i n d u s t r y .
I Brewster and J B Catanach ( 7 ) gave a d e t a i l e d account of c u r r e n t knowledge on t h e p r o c e s s i n g methods used t o produce components o u t of PEEK based l o n g -f i b r e composites.
A new t e c h n o l o g y c a n be w e d because compared w i t h thermoset composites, AF' C m a t e r i a l s p o s s e s s t h e i n h e r e n t advantages of t h e r m o f o r m a b i l i t y and r e p r o c e s s a b i l i t y . One c a n d i s t i n g u i s h two broad manufacturing methods:--The f i r s t one i s based on a p r e c o n s o l i d a t e d s h e e t , and t h e s t e p s i n t h e p r o c e s s a r e a s follows: P r o d u c t i o n of blanks, i e l a y i n g down t h e d i f f e r e n t l a y e r s ( e i t h e r u n i d i r e c t i o n a l p r e p r e g p l i e s o r woven p l i e s ) . C o n s o l i d a t i o n of t h e blanks i n t o f l a t s h e e t s u s i n g h i g h t e m p e r a t u r e s ( 36O-40O0C) and low p r e s s u r e ( 1 2 a t m ) .
Heating t h e blanks p r i o r t o thermoforming by means of i n f r a -r e d s o u r c e s .
Forming of t h e s h e e t ; t h i s l a s t o p e r a t i o n uses p r o c e s s e s p r a c t i s e d f o r many y e a r s i n t h e metal f a b r i c a t i o n i n d u s t r y s u c h a s r u b b e r forming ( i e . Hydroforming, Low p r e s s u r e diaphragm forming, Rubber p r e s s forming), o r Cold r o l l forming t o produce s t r u c t u r a l s e c t i o n s .
-The second p r o c e s s i n g method i s based on p r e p r e g s a s t h e s t a r t i n g p o i n t , and c o v e r s b o t h f i l a m e n t winding and t a p e l a y i n g .
These two p r o c e s s e s use e x i s t i n g equipment w i t h small m o d i f i c a t i o n s concerning t h e h e a t i n g of t h e f i l a m e n t o r tape.
Of c o u r s e , a s t h e c h e m i s t r y has been removed from t h e p r o d u c t i o n s t a g e , t h e c y c l e s are much s h o r t e r because t h e m a t e r i a l needs o n l y t o be h e a t e d f o r a s l o n g a s i t t a k e s t o form, o r j o i n -t y p i c a l l y a few seconds.
One parameter, however, which i s of c o n s i d e r a b l e importance w i t h t h e AF' C system, i s t h e c o o l i n g s t a g e , s i n c e PEEK i s a s e m i c r y s t a l l i n e m a t e r i a l .
This means t h a t t h e morphology of t h e polymer w i l l be a f f e c t e d n o t o n l y by t h e c o o l i n g r a t e , b u t a l s o by t h e p r e s s u r e and s t r e s s e s i n t h e component t o be produced.
As i s p o i n t e d o u t by A L u s t i g e r ( a ) , c r y s t a l l i n i t y which does not occur i n c o n v e n t i o n a l thermoset based composites, needs t o be c o n s i d e r e d i n d e t a i l i f optimum p r o p e r t i e s of t h e product a r e t o be achieved.
It seems t h a t optimum c r y s t a l l i s a t i o n , l e a d i n g t o t h e b a l a n c e of mechanical p r o p e r t i e s , i s o b t a i n e d when t h e component i s cooled from 380-200'C i n l e s s t h a n 5 minutes.
R F Dickson e t a l . ( 9 ) r e p o r t on t h e development of a new v e r s i o n of APC, namely APCP, which p o s s e s s e s a much b r o a d e r p r o c e s s i n g window.
The APC s y s t e m and o t h e r t h e r m o p l a s t i c based l o n g f i b r e composites p r e s e n t o t h e r f a b r i c a t i o n advantages.
Namely t h e y a r e much e a s i e r t o r e p a i r , a s o n l y l o c a l h e a t i n g needs t o be a p p l i e d , and t o bond ( h e a t i n g and p r e s s u r e r e p l a c e t h e use of a d h e s i v e s ) . F N Cogswell and D C Leach ( 1 0 ) mention a r e p a i r k i t based around a s o l d e r i n g i r o n Moreover t h e s c r a p m a t e r i a l c a n be recovered t o produce h i g h performance s h o r t f i b r e t h e r m o p l a s t i c composites f o r u s e i n i n j e c t i o n moulding.
The characteristics of the APC system
As was a l r e a d y mentioned, t h e APC s y s t e m i s based on t h e PEEK matrix, i e p o l y ( e t h e r e t h e r k e t o n e ) . This polymer i s s e m i -c r y s t a l l i n e and i s t h e n c h a r a c t e r i s e d by b o t h a g l a s s t r a n s i t i o n t e m p e r a t u r e Tg (=143'C) and a m e l t i n g t e m p e r a t u r e Tm (-340'C).
I n o t h e r words, u s e f u l p r o p e r t i e s c a n be o b t a i n e d above Tg, and R B Rigby ( 4 ) r e p o r t s u s e f u l p r o p e r t i e s up t o 300°C f o r a p p l i c a t i o n s i n v o l v i n g i n t e r m i t t e n t h e a t i n g . A s t u d y of t h e m i c r o s t r u c t u r e of t h e APC s y s t e m was c a r r i e d o u t by F N Cogswell ( l l ) , i n which he showed t h a t t h e f i b r e d i s t r i b u t i o n was of t h e uniform random kind s o t h a t t h e t h i c k n e s s of t h e r e s i n phase around t h e f i b r e s was comparable w i t h t h e t h i c k n e s s of t h e f i b r e . The dimension of t h e c r y s t a l l i n e e n t i t i e s , i e s p h e r u l i t e s , was shown t o be of t h e o r d e r of 3um f o r a m a t e r i a l r a p i d l y cooled from t h e m e l t t o a t e m p e r a t u r e range of 20-2oooc. This c r y s t a l l i n e c h a r a c t e r c o n f e r s upon PEEK e x c e p t i o n a l environmental r e s i s t a n c e .
F N Cogswell and M Hopprich ( 1 2 ) s t u d i e d t h e environmental r e s i s t a n c e of c a r b o n f i b r e r e i n f o r c e d PEEK.
The m a t e r i a l was found t o be very r e s i s t a n t t o c o m n s o l v e n t s (Acetone, Cyclohexane . .
. ) , a i r c r a f t f l u i d s ( h y d r a u l i c f l u i d , kerosene) and p a i n t s t r i p p e r . The APC s y s t e m a b s o r b s l e s s m o i s t u r e t h a n a " s t a t e of t h e a r t " epoxy based composite, and t h e m a t r i x does n o t s u f f e r from p l a s t i c i z a t i o n by water l e a d i n g t o a d e c r e a s e i n t h e g l a s s t r a n s i t i o n temperature.
It c a n be shown t h a t t h e h i g h e r t h e d e g r e e of c r y s t a l l i n i t y , t h e b e t t e r t h e s o l v e n t r e s i s t a n c e but t h e lower t h e toughness.
T h e r e f o r e by t a i l o r i n g t h e morphological v a r i a b l e s , t h r o u g h f o r example c o o l i n g and subsequent a n n e a l i n g , t h i s m a t e r i a l c a n be adapted t o t h e unique r e q u i r e m e n t s of p a r t i c u l a r components.
The c a r b o n f i b r e s a c t a s n u c l e a t i n g a g e n t s , and columnar c r y s t a l s grow p e r p e n d i c u l a r t o t h e r e i n f o r c i n g u n i t s . This t r a n s c r y s t a l l i n i t y a f f e c t s t h e p r o p e r t i e s of t h e composite and a b a l a n c e has o f t e n t o be found: --A good i n t e r f a c e between m a t r i x and f i b r e produces a h i g h l e v e l of t r a n s c r y s t a l l i n i t y . F N Cogswell (11) r e p o r t s t h a t f r a c t u r e s u r f a c e s of t e n s i l e specimens do n o t show t h e c l e a n f i b r e s u r f a c e s r e s u l t i n g from e x t e n s i v e debonding and t h e consequent f i b r e p u l l -o u t t h a t a r e r e s p o n s i b l e f o r energy a b s o r p t i o n d u r i n g f r a c t u r e i n commercial thermoset based composites.
For broken f i b r e s i n APC a r e always c o a t e d w i t h r e s i n , i n d i c a t i n g t h e v e r y good bonding a t t h e s u r f a c e .
-L u s t i g e r comments on r e l a t i v e l y poor l o n g -t e r m s t r e n g t h brought about by a r e a s of weakness c r e a t e d by s p h e r u l i t i c boundaries.
A h i g h volume f r a c t i o n of f i b r e s may l e a d t o t o o h i g h a d e g r e e of t r a n s c r y s t a l l i n i t y which i n t u r n may l e a d t o impingement of t h e t r a n s c r y s t a l l i n e r e g i o n s , c r e a t i n g long s p h e r u l i t e boundaries and t h u s l i n e s of weakness.
Historic toughness measurements on CFIPEEK composites
The f i r s t quoted v a l u e of t h e i n t e r l a m i n a r f r a c t u r e toughness GIC f o r PEEK m a t r i x composite seems t o have been r e p o r t e d by J T Hartness i n 1982 ( 1 3 ) . The a u t h o r used t h e double c a n t i l e v e r beam a l s o known a s mode I p e e l t e s t . A v a l u e of GIC of 1990 J / m Z was found f o r t h e PEEWgraphite c l o t h s y s t e m produced by t h e f i l m s t a c k i n g sequence. The e q u i v a l e n t epoxy based composite was much l e s s tough w i t h a v a l u e of GIC of o n l y 235 JI m2.
The mode I i n t e r l a m i n a r f r a c t u r e toughness on a n e a r l y development g r a d e of CF/PEEK pre-preg was f i r s t determined by D R C a r l i l e and D C Leach i n 1983 ( 1 4 ) . P a r a l l e l s i d e d specimens were made o u t of u n i d i r e c t i o n a l m a t e r i a l i n t h e form of double c a n t i l e v e r beams.
GIC was determined u s i n g t h e a r e a method d e v i s e d by J M Whitney e t a l . ( 1 5 ) . Two d i s t i n c t modes of f a i l u r e were observed: a c l e a v a g e mode c o r r e s p o n d i n g t o f a s t c r a c k propagation, f o r which GIC was found t o be 1870 J / m 2 , and a d u c t i l e mode c o r r e s p o n d i n g t o s l o w c r a c k propagation, w i t h a much h i g h e r v a l u e of GIC, namely 3200 J / m2.
The same t e s t was performed on a s t a t e of t h e a r t epoxy based composite (AS4 carbon f i b r e s / E p o x y 3501-6) which was found t o be n e a r l y 10 times l e s s tough, w i t h a GIC of 210 J / m2.
Using t h e same t e s t ( D C B and a r e a method t o reduce t h e d a t a ) , J T Hartness ( 1 6 ) found a GIC value of 1400 J / m 2 f o r t h e c l e a v a g e mode and a h i g h e r value of 1800 J / m 2 f o r t h e d u c t i l e mode of f a i l u r e , when e v a l u a t i n g t h e mechanical p r o p e r t i e s of a s i m i l a r e a r l y development grade of CF/PEEK.
These v a l u e s of GIC a r e l e s s t h a n t h o s e r e p o r t e d by C a r l i l e and Leach.
J T H a r t n e s s a l s o used a n edge d e l a m i n a t i o n specimen t o determine a n o t h e r v a l u e of t h e i n t e r l a m i n a r f r a c t u r e toughness GIC.
Specimens of l a y -u p c o n f i g u r a t i o n [ + 3 0 / -3 0 z + 3 0 / 9 0 z ] s, l e a d i n g t o t h e g e n e r a t i o n of h i g h i n t e r l a m i n a r s t r e s s e s , were used f o r t h e t e s t . T o t a l f a i l u r e of t h e l a m i n a t e s o c c u r r e d b e f o r e any delamination.
G F Dickson e t a 1 ( 9 ) were t h e f i r s t ones t o determine a v a l u e of c r i t i c a l s t r e s s i n t e n s i t y f a c t o r i n mode I, KIC, f o r a l a m i n a t e based on APC m a t e r i a l .
For a l a m i n a t e of l a y -u p c o n f i g u r a t i o n [ 0,901 3s, u s i n g c e n t r e notched coupons, t h e y found a v a l u e of KIC of 69 MPadm f o r t h e APC s y s t e m and of o n l y 50 MPav' m f o r t h e same composite i n terms of l a y -u p c o n f i g u r a t i o n but based on a n epoxy matrix.
Another v a l u e of GIC f o r a n e a r l y development g r a d e of CF/PEEK was determined by C Y Barlow and A H Windle ( 1 7 ) u s i n g a novel r a z o r b l a d e t e s t .
This t e s t i s based on t h e p r o p a g a t i o n of a c r a c k ahead of a t h i n wedge. The i n i t i a l t h e o r y was developed t o determine t h e s p l i t t i n g e n e r g y of mica, and i s based on s i m p l e beam t h e o r y f o r i s o t r o p i c m a t e r i a l s ; i t does n o t t a k e i n t o account e l a s t i c end e f f e c t s , m a t e r i a l a n i s o t r o p y o r t h e e x i s t e n c e of a p l a s t i c zone a t t h e c r a c k t i p . However work on a wide range of l o n g c a r b o n f i b r e r e i n f o r c e d composites proves t h e b a s i c t h e o r y i s v a l i d .
For t h e i r CFlPEEK composite, t h e a u t h o r s r e p o r t e d a v a l u e of GIC of 2290 5 600 J / m 2 .
The l a s t paper r e p o r t e d here, d e a l i n g w i t h f r a c t u r e mechanics parameters of t h e PEEK based composite, was w r i t t e n by S L Donaldson i n A p r i l 1985. ( 1 8 ) . Using t h e notched
o f f -a x i s t e n s i l e t e s t , Donaldson determined t h e c r i t i c a l v a l u e s of GIC and KIC ( f o r 8 = 9OoC, 8 being t h e a n g l e between t h e t e n s i l e a x i s and t h e f i b r e a x i s ) , and mixed mode T h e r e f o r e u s i n g t h e s t r a i n t o f a i l u r e , GIC was found t o be 1400 J / m 2 . parameters KI, GI, KII, GII, f o r d i f f e r e n t o r i e n t a t i o n s , i e 75", 60", 45", 30°, 15", lo", 7 O , 5 " and -15".
The 8 -p l y u n i d i r e c t i o n a l composite r e s u l t s based on a n e a r l y development g r a d e of CF/ PEEK were compared w i t h t h o s e o b t a i n e d from 8 -p l y u n i d i r e c t i o n a l composite based on a n epoxy matrix. KIC was found t o be 3.7 MPav' m c o r r e s p o n d i n g t o a GIC of 1120 J / m 2 f o r t h e CFlPEEK system.
The epoxy based m a t e r i a l , however, was much l e s s tough w i t h a KIC of 0.96 MPadrn and a c o r r e s p o n d i n g GIC of o n l y 78 J / m Z .
C r i t i c a l v a l u e s of KIIC and GIIC were a l s o determined u s i n g t h e modified t h r e e r a i l s h e a r t e s t .
The same t r e n d was observed f o r t h e mode 11. KIIC was found t o be 1 4 . 4
MPadm w i t h a c o r r e s p o n d i n g v a l u e of GIIC of 4930 J / m 2 f o r t h e PEEK m a t r i x composite, whereas v a l u e s of 4. 8 MPaVm and 506 J / m 2 were determined f o r KIIC and GIIC r e s p e c t i v e l y f o r t h e thermoset s y s t e m An e v a l u a t i o n of t h e a n i s o t r o p y of f r a c t u r e toughness has been r e p o r t e d by Leach and Moore ( 1 9 ) , t o g e t h e r w i t h e v a l u a t i o n of toughness of CFlPEEK i n some p r a c t i c a l i n d u s t r i a l t e s t s .
FRACTURE MECHANICS TOUGHNESS
Preamble
L i n e a r e l a s t i c f r a c t u r e mechanics t h e o r y ( 20) p r o v i d e s two i m p o r t a n t c o n t r i b u t i o n s t o t h e c h a r a c t e r i s a t i o n of toughness. F i r s t , a c l a i m t o p r o v i d e geometry independent m a t e r i a l p r o p e r t i e s .
Second, two m a t e r i a l p r o p e r t i e s which c a n be c o n s i d e r e d a s f r a c t u r e toughness (GIG) and f r a c t u r e s t r e n g t h ( KIC).
More f o r m a l l y , t h e s e two p r o p e r t i e s c a n be d e f i n e d a s : -
where GIC i s t h e c r i t i c a l v a l u e of s t r a i n energy r e l e a s e r a t e , i n a c r a c k opening mode (I)
where KIC i s t h e c r i t i c a l v a l u e of s t r e s s i n t e n s i t y f a c t o r , i n a c r a c k opening mode ( I ) OF Y i s a geometry f u n c t i o n which i s w e l l d e f i n e d i n t h e l i t e r a t u r e ( 2 1 ) i s a f r a c t u r e s t r e s s remote from a c r a c k of l e n g t h ' a ' Equations 1 and 2 a r e g e n e r a l t o a l l geometries, but GIC c a n o n l y be u s e f u l i n t h i s form when c r a c k growth c a n be e a s i l y monitored.
I n a l l our f r a c t u r e mechanics experiments, u n s t a b l e f r a c t u r e s have t o be accommodated.
T h e r e f o r e , i t i s u s e f u l t o use a n a l t e r n a t i v e e x p r e s s i o n f o r GIC, namely:-
where UF i s t h e t o t a l energy absorbed a t f r a c t u r e of a l i g a m e n t of a r e a k 4 i s a n o t h e r geometry t e r m t h a t e n s u r e s t h a t t h e energy t e r m UF i s s u i t a b l y d i v i d e d between e l a s t i c s t r a i n energy and energy t o p r o p a g a t e a c r a c k ( 2 0 , 2 2 ) .
I t i s i m p l i c i t t h a t t h e two geometry f u n c t i o n s ( Y and 4)
a r e m a t e r i a l independent.
They have been c a l c u l a t e d f o r i s o t r o p i c m a t e r i a l s only, t h e r e f o r e t h e i r v a l i d i t y i n use w i t h a n i s o t r o p i c m a t e r i a l s ( s u c h a s u n i d i r e c t i o n a l continuous f i b r e composites) must be e i t h e r assumed o r v e r i f i e d .
The two f r a c t u r e p r o p e r t i e s a r e themselves r e l a t e d .
E i s a m a t e r i a l modulus (measured a t t h e same s t r a i n r a t e a s t h a t f o r t h e f r a c t u r e p a r a m e t e r s ) .
For t h e c a s e of a n i s o t r o p i c m a t e r i a l s e x h i b i t i n g f i b r e symmetry ( s u c h a s u n i d i r e c t i o n a l continuous c a r b o n f i b r e c o m p o s i t e s ) , a n o r t h o t r o p i c modulus E* c a n r e p l a c e t h e more common i s o t r o p i c term ( 2 3 ) .
where a i j a r e t h e L -e l a s t i c compliances a s s o c i a t e d w i t h t h e p r i n c i p a l m a t e r i a l d i r e c t i o n s . These w i l l be d i s c u s s e d i n a second IUPAC paper r e l a t i n g t o t h i s p r o j e c t on CF/PEEK but l i t e r a t u r e v a l u e s ( 1 0 ) f o r t h e s e terms p r o v i d e t h e f o l l o w i n g f o r u n i d i r e c t i o n a l laminate: -
GPa-' a l = 0.0003 GPa-! a 6 6 = 0 . 2 4 4 GPa-! I n t u r n , t h i s y i e l d s a v a l u e of E* of 1 2 . 9 GPa.
Fracture mechanics geometry functions for anisotropic materials
Most e x p e r i m e n t a l measurements of GIC and KIC on CFlPEEK w i l l r e l a t e t o u n i d i r e c t i o n a l l a m i n a t e s . These m a t e r i a l s e x h i b i t more a n i s o t r o p y t h a n any o t h e r form of l a m i n a t e .
Consequently, i t becomes c r u c i a l t o e s t a b l i s h t h a t t h e n e c e s s a r y geometry f u n c t i o n s ( Y and 4) of e q u a t i o n s 2 and 3 r e s p e c t i v e l y which a r e known f o r i s o t r o p i c m a t e r i a l s , c a n be a d e q u a t e l y a p p l i e d t o a n a n i s o t r o p i c case.
I n t h e c a s e of t h r e e p o i n t f l e x u r e of a notched beam ( s e e f i g u r e 1) known t o be a f u n c t i o n of n o t c h d e p t h ( a ) and specimen d e p t h (W): -( 2 2 ) t h e compliance i s S -i s t h e specimen s p a n B and W -a r e t h i c k n e s s and d e p t h ( s e e f i g u r e 1 ) E -i s a n a p p r o p r i a t e modulus of t h e beam specimen i n t h i s c o n f i g u r a t i o n . The compliance of e a c h specimen c a n a l s o be determined by experiment ( C e
and Y t o a n a n i s o t r o p i c case.
This procedure was adopted f o r a range of beam specimens machined from a [ O ] ,,,, laminate.
With r e f e r e n c e t o f i g u r e 2, specimens w i t h c r a c k d i r e c t i o n s 1 and 2 were used, a l t h o u g h t h i s w i l l be d i s c u s s e d more f u l l y i n t h e n e x t s e c t i o n .
A rebound t e c h n i q u e ( 2 4 ) was used t o determine a n a p p r o p r i a t e modulus (E) f o r b o t h t y p e s of specimen, unnotched.
A f t e r i n t r o d u c i n g a s h a r p machined notch, t h i s rebound t e c h n i q u e was a l s o used t o measure Ce. 
Presentation and discussion of the fracture mechanics results for Klc and Glc
The m a j o r i t y of f r a c t u r e mechanics experiments f o r t h e d e t e r m i n a t i o n of GIC and KIC were conducted on specimens machined from u n i d i r e c t i o n a l l a m i n a t e s , [ O]
where n = 20 and 40.
Three d i f f e r e n t l o a d i n g g e o m e t r i e s were employed, namely, t h r e e p o i n t f l e x u r e , double t o r s i o n and compact t e n s i o n . ( f i g u r e 1) All experiments were conducted w i t h a view t o i n v e s t i g a t i n g t h e i n f l u e n c e of e i t h e r t e s t t e m p e r a t u r e o r t e s t speed on f r a c t u r e s t r e n g t h and f r a c t u r e toughness.
Consequently, r e s u l t s c a n be p r e s e n t e d f o r t e m p e r a t u r e s i n t h e range -6O'C t o +23'C and f o r t e s t speeds i n t h e range 8 x 10-3mTJs t o 2.5 x 103mTJs (more t h a n f i v e decades of t e s t s p e e d ) .
I t was a l s o planned t o e x p l o r e d i f f e r e n t c r a c k d i r e c t i o n s r e l a t i v e t o f i b r e d i r e c t i o n and p l y o r i e n t a t i o n .
This i s more f u l l y i l l u s t r a t e d i n f i g u r e 2 where s i x d i r e c t i o n s of c r a c k p r o p a g a t i o n c a n be s e e n f o r u n i d i r e c t i o n a l l a m i n a t e , u being t h e d i r e c t i o n of a p p l i e d s t r e s s .
I n f i g u r e 2 t h e v a r i o u s c r a c k d i r e c t i o n s a r e l a b e l l e d .
Our r e s u l t s w i l l r e l a t e t o t h r e e of t h e s e d i r e c t i o n s , namely d i r e c t i o n s 1 and 2 ( b o t h i n t r a -l a m i n a r f r a c t u r e ) and d i r e c t i o n 5 ( t r a n s -l a m i n a r f r a c t u r e ) . I t was f e l t t h a t t h e l a r g e l i t e r a t u r e on i n t e r -l a m i n a r f r a c t u r e ( d i r e c t i o n s 3 and 4 ) could not be u s e f u l l y added t o by t h i s work, and t h a t i t was b e t t e r t o c o n c e n t r a t e on toughness c h a r a c t e r i s a t i o n where l e s s i n f o r m a t i o n i s documented.
A summary of t h e KIC and GIC r e s u l t s a t 23'C i s g i v e n i n t a b l e 1. I n c l u d e d w i t h t h e averaged v a l u e s of KIC and GIC i s a comment on t h e method used i n t h e d a t a a n a l y s i s . It c a n be s e e n t h a t s e v e r a l d i f f e r e n t approaches have been used. The v a l u e s of KIC and GIC a r e averaged from a few t o sometimes a dozen specimens.
The s c a t t e r a s s o c i a t e d w i t h e a c h v a l u e i s v a r i a b l e i n a range of 5% t o 20% f o r t h e c o e f f i c i e n t s of v a r i a t i o n .
Three t e s t g e o m e t r i e s were employed f o r t e s t d i r e c t i o n 1 a t a t e s t speed of ( 8 x
10-3)mmJs.
D i r e c t i o n of c r a c k i n t h e u n i d i r e c t i o n a l l a m i n a t e s has a profound i n f l u e n c e on toughness.
There a r e s u b t l e d i f f e r e n c e s between t h e two i n t r a -l a m i n a r f r a c t u r e s ( t e s t d i r e c t i o n s 1 and 2 ) .
These might be more t h a n e x p e r i m e n t a l s c a t t e r s i n c e t h e f i b r e alignment i n t e s t d i r e c t i o n 1 could w e l l be more t h a n t h a t f o r t e s t d i r e c t i o n 2.
Hence h i g h e r toughness i s a s s o c i a t e d w i t h t e s t d i r e c t i o n 2. These o b s e r v a t i o n s have a l s o been r e p o r t e d elsewhere ( 1 9 ) .
The d i f f e r e n c e between i n t r a -l a m i n a r f r a c t u r e toughness and t r a n s -l a m i n a r f r a c t u r e toughness i s huge.
For example, a t y p i c a l KIC f o r c r a c k d i r e c t i o n 1 ( i n t r a -l a m i n a r ) i s ( 3 -4 ) MPaVm, w h i l s t a v a l u e f o r c r a c k d i r e c t i o n 5
( t r a n s -l a m i n a r ) i s a n o r d e r of magnitude l a r g e r a t 37 MPav' m.
Five l a b o r a t o r i e s were i n v o l v e d w i t h t h e d e t e r m i n a t i o n of t h e s e f r a c t u r e toughness d a t a . A l a b o r a t o r y number i s i n c l u d e d w i t h t h e summarised d a t a i n Table 1. When t h e d a t a r e l a t i n g t o t h e t e s t c o n d i t i o n s t h r e e p o i n t geometry ( A ) and c r a c k d i r e c t i o n 1 a r e examined, t h e n v a l u e s f o r K I~ l i e i n t h e range 2.0 MPaVm t o 5.7 MPaVm All v a l u e s i n t h i s range s a t i s f y t h e geometry c r i t e r i a f o r o b t a i n i n g v a l i d f r a c t u r e mechanics d a t a Values f o r KIC a r e i n t h e range 3.8 t o 6.5 MPaVm These d a t a were determined a t a range of t e s t speeds, from 2.5 x l o 3 4 s t o 8 x 10-3mm/s. I n a d d i t i o n , two methods of d a t a a n a l y s i s were used i n d e r i v i n g K I~. The s p r e a d i n K I~ f o r t h i s d a t a group a s 2.0 MPa\/m t o 5.7 MPav' m There i s a s u g g e s t i o n of a t r e n d w i t h t e s t speed, where t h e lower v a l u e s r e l a t e t o h i g h e r t e s t speeds. Curiously, t h e range of v a l u e s f o r G I~ does not r e f l e c t t h i s s c a t t e r , s i n c e t h e range
f o r t e s t geometry A a t t e s t d i r e c t i o n 1 i s 1.0 W/m2 t o 1 . 9 kJ/mZ.
F u r t h e r u n d e r s t a n d i n g of s u c h s c a t t e r i s l i m i t e d .
One l a b o r a t o r y (number 3 ) r e p o r t e d t h a t K I~ depends on n o t c h d e p t h but i t remains d i f f i c u l t t o f u l l y e x p l a i n t h e range of toughness values.
On t h e o t h e r hand, i t i s a p p a r e n t t h a t a s t u d y i n v o l v i n g common t e s t c o n d i t i o n s i n a n i n t e r -l a b o r a t o r y i n v e s t i g a t i o n might shed more l i g h t on t h e problem. A p o s s i b l e c a u s e of s c a t t e r i n t h e s e f r a c t u r e mechanics parameters might l i e i n t h e q u a l i t y and c h a r a c t e r i s t i c s of t h e n o t c h i n t h e t e s t specimens.
One of t h e l a b o r a t o r i e s ( L a b o r a t o r y 5) i n v e s t i g a t e d t h i s p o s s i b i l i t y .
Using a t h r e e p o i n t bend specimen machined from [ 01 4 o l a m i n a t e s , a c r a c k was i n i t i a t e d i n d i r e c t i o n 2 where t h r e e d i f f e r e n t methods were used f o r i n t r o d u c i n g t h e c r a c k s , namely:-( a ) Unsharpened notches machined a t 23'C ( b) Sharpened notches ( sharpened a t 23 "C) ( c ) Sharpened notches ( s h a r p e n e d a t l i q u i d n i t r o g e n t e m p e r a t u r e s , -196'C)
Values of K I~ were o b t a i n e d from t e s t i n g n i n e specimens a t e a c h n o t c h c o n d i t i o n .
K I~ v a l u e s of 4.3, 4 . 2 and 3 . 9 MPa\/m were o b t a i n e d , r e s p e c t i v e l y . The n o t c h s h a r p n e s s is n o t i n f l u e n t i a l i n t h e magnitude of measured toughness and i s t h e r e f o r e u n l i k e l y t o be a s o u r c e of i n t e r -l a b o r a t o r y d a t a s c a t t e r , a t l e a s t f o r t h e s e continuous f i b r e composites.
One of t h e l a b o r a t o r i e s (No 1 ) examined t h e i n f l u e n c e of t e m p e r a t u r e on t h e f r a c t u r e toughness of t h r e e p o i n t bend specimens t e s t e d a t 2 . 5 x 1 0 ' d s e c on a pendulum impact machine. 
F i g u r e 4 p l o t s GIC v e r s u s t e m p e r a t u r e where t h e s c a t t e r bands r e l a t e t o t h e 95% c o n f i d e n c e l i m i t s determined i n f i t t i n g b e s t l i n e s t o t h e e x p e r i m e n t a l d a t a . D e s p i t e t h e s c a t t e r , i t c a n be concluded t h a t i n t r a -l a m i n a r f r a c t u r e toughness i s t e m p e r a t u r e independent i n t h e t e m p e r a t u r e range -6O'C t o 23OC.
I M P A C T TOUGHNESS
Preamble
Toughness c a n be measured i n o t h e r ways compared w i t h f r a c t u r e mechanics parameters.
A popular a l t e r n a t i v e i s t o measure t h e energy absorbed by a specimen d u r i n g impact. Such a measure r e l a t e s toughness t o t h i s absorbed energy, but s i n c e i t may a p p l y t o many d i f f e r e n t geometric arrangements f o r specimen, s u p p o r t and impactor, i t i s i n e v i t a b l e t h a t t h i s toughness i s a combination of m a t e r i a l p r o p e r t y and geometry. This does n o t of n e c e s s i t y m a t t e r because i t a l l o w s impact t r e n d s t o be followed; but i t does p l a c e g r e a t s t o r e on a d e q u a t e i n t e r p r e t a t i o n .
Many r e c e n t approaches t o t h i s measurement of impact toughness i n v o l v e i n s t r u m e n t e d f a l l i n g weight t e c h n i q u e s (IFWL). The f o r c e -t i m e s i g n a l i s c o l l e c t e d d u r i n g t h e c o u r s e of impact, s t o r e d on a micro-processor, a n a l y s e d and manipulated w i t h some a p p r o p r i a t e s o f t w a r e and d a t a a r e p r e s e n t e d i n a number of ways.
S e v e r a l of t h e s e methods a r e w e l l r e p o r t e d i n t h e l i t e r a t u r e ( 2 6 , 27, 2 8 ) .
A key f e a t u r e of t h e d a t a c o l l e c t i o n and a n a l y s i s i s t h e d e g r e e of e l e c t r o n i c f i l t e r i n g of t h e s i g n a l .
T y p i c a l resonance f r e q u e n c i e s f o r t h e a p p a r a t u s a r e of t h e o r d e r of 9kHz. Some analogue low pass f i l t e r s o p e r a t e down t o 2kH2, w h i l s t many approaches i n v o l v e e f f e c t i v e l y no f i l t e r .
The d e t a i l on t h e f o r c e -t i m e impact p l o t i s d r a s t i c a l l y i n f l u e n c e d by t h e d e g r e e of f i l t e r i n g ( 2 8 ) .
The impact toughness of CFlPEEK has been o b t a i n e d on a n g l e -p l y l a m i n a t e s [ +45] 2s i e . 8 p l y m a t e r i a l . I n t h e two s e c t i o n s t h a t follow, i t will be p o s s i b l e t o p r e s e n t a range of d a t a from a number of d i f f e r e n t e x p e r i m e n t a l techniques.
It w i l l be shown, however, t h a t meaningful d a t a emerge o n l y when a f u l l u n d e r s t a n d i n g of t h e f o r c e -t i m e s i g n a l i s p o s s i b l e . Before c o n t e m p l a t i n g e x p e r i m e n t a l r e s u l t s and a n a l y s i s , i t i s u s e f u l t o compare q u a l i t a t i v e l y t h e f o r c e -t i m e t r a c e s o b t a i n e d on t y p i c a l specimens a t a p p r o x i m a t e l y common t e s t speed ( i n t h e range 5,000 t o 8,000 4 s ) . This i s achieved i n f i g u r e 5. It must be emphasised t h a t t h e s e p l o t s a r e n o t t o any c o n s i s t e n t s c a l e , f o r e i t h e r f o r c e o r t i m e .
Impact toughness of [+45I2S laminates
The p l a t e specimens f o r l a b o r a t o r y 3 and l a b o r a t o r y 6 show g e n e r a l l y s i m i l a r f e a t u r e s , e x c e p t t h a t no f i l t e r of t h e e l e c t r i c a l s i g n a l has been used by l a b o r a t o r y 3.
The
o r c e -t i m e s i g n a l s a p p e a r s t o be d i f f e r e n t .
The d e g r e e of d e t a i l on t h e c u r v e s i s i n f l u e n c e d by o f t e n undefined s p e c i f i c a t i o n of t h e equipment.
As a consequence, i f a n a n a l y s i s were t o be based on t h e energy absorbed by a specimen a t t h e f i r s t peak of t h e s e s i g n a l s , t h e r e could be no g u a r a n t e e t h a t a s i m i l a r f a i l u r e p r o c e s s i n impact was being a r t i c u l a t e d .
It would be p r e f e r a b l e t o o b t a i n IFWI s i g n a l s w i t h o u t f i l t e r i n g i n o r d e r t o maximise t h e o p p o r t u n i t y of c o n s i s t e n t comparisons of toughness.
The r e s u l t s from themes ( a ) and ( b ) above r e v e a l a p i c t u r e i n t h e i r own r i g h t .
For example, geometry e f f e c t s c a n be examined from t h e work of l a b o r a t o r y 3, where Table 2 summarises geometry c o n f i g u r a t i o n s and r e s u l t s .
Laboratory 3 p r o v i d e s e v i d e n c e t h a t f i r s t damage of t h e specimen o c c u r s a t peak A ( s e e f i g u r e 5 ) and a l s o i n d i c a t e s t h a t peak B i s r e l e v a n t t o t h e f a i l u r e processes.
( i e t h e maximum f o r c e peak). Consequently, e n e r g i e s absorbed by t h e specimens c o r r e s p o n d i n g w i t h t h e s e peaks are i n c l u d e d i n Table 2 .
Evidence a s t o why peak A i s f i r s t damage i s d i s c u s s e d i n due course.
The r e s u l t s i n Table 2 
Such r e s u l t s pose more q u e s t i o n s about i n t e r p r e t a t i o n , t h a n answers t o e v a l u a t i o n of toughness.
For example, how much is geometry c o n t r i b u t i n g t o t h e measurements? Also, i f peak A i s f i r s t damage, t h e n what i n t e r p r e t a t i o n c a n be a s s o c i a t e d w i t h t o t a l energy absorbed by t h e specimen? How much of t h i s energy i s due t o i n i t i a t i o n and p r o p a g a t i o n of c r a c k s and how much i s c o n t r i b u t e d by ' g e o m e t r i c ' f a c t o r s ?
Theme ( c ) e x p l o r e d by l a b o r a t o r y 6 r e v e a l s a t e m p e r a t u r e dependence of impact toughness.
F i g u r e 6 i l l u s t r a t e s energy up t o t h e maximum f o r c e ( s h a d e d a r e a of f i g u r e 5) v e r s u s temperature.
Although some expected t r e n d s a r e r e v e a l e d i n f i g u r e 6, namely, a r e d u c t i o n of impact toughness w i t h d e c r e a s i n g temperature, i t remains d i f f i c u l t t o a p p l y a n i n t e r p r e t a t i o n t o t h e r e s u l t s .
This i s t h e c a s e because i t i s n o t known what t h e energy t o maximum f o r c e means i n t e r m of f a i l u r e mechanisms and geometric c o n t r i b u t i o n .
Experiments to interpret the force-time signals
Introduction
Two s e t s of experiments have been used i n o r d e r t o understand t h e f o r c e -t i m e impact s i g n a l s from p l a t e f l e x u r e impact experiments. F i r s t , photography of t h e t e n s i o n s u r f a c e d u r i n g impact i n o r d e r t o r e l a t e f a i l u r e e v e n t s w i t h absorbed energy. This has been conducted by l a b o r a t o r y 2 a t t h r e e d i f f e r e n t t e s t t e m p e r a t u r e s . Second, low energy i n s t r u m e n t e d f a l l i n g weight impact by l a b o r a t o r i e s 2 and 3, i n o r d e r t o h e l p r e s o l v e where f i r s t damage t o a specimen occurs.
Photographed impact
Instrumented f a l l i n g weight impact t e s t s were conducted on specimens ( 6 0 x 60) mm c u t from 15451 zs l a m i n a t e s . A s u p p o r t d i a m e t e r of 50mm and impact d i a m e t e r of 12.5mm was used a t a n impact speed of 5mJs ( i m p a c t o r mass 8.2kg, d r o p h e i g h t 1.3m).
T e s t s were conducted a t t e s t t e m p e r a t u r e of -2OoC, +23'C and +60°C.
During t h e impact t e s t s photographs were t a k e n of t h e t e n s i o n s u r f a c e ( f u l l d e t a i l s a r e i n r e f e r e n c e 2 9 ) .
The b l a c k specimens would have made r e s o l u t i o n of t h e s u r f a c e damage d i f f i c u l t and t h e r e f o r e t h e t e n s i o n s u r f a c e was sprayed w i t h a white primer.
Photographs could be o b t a i n e d a t any t i m e d u r i n g t h e measurement of t h e impact event. P r e c i s e t i m i n g was a fundamental requirement and t h i s was achieved by u s i n g a t w i n channel t r a n s i e n t r e c o r d e r which s t o r e d t h e f o r c e -t i m e s i g n a l on t h e f i r s t c h a n n e l w h i l s t s i m u l t a n e o u s l y s t o r i n g t h e t i m e when t h e photograph was t a k e n by means of a l i g h t i n t e n s i t y v e r s u s t i m e s i g n a l i n t h e second channel.
The s o u r c e of t h e l i g h t was a photographic f l a s h u n i t whose e m i s s i o n of l i g h t was d e t e c t e d by a photodiode connected t o t h e t r a n s i e n t r e c o r d e r .
During t h e f l a s h a photograph of t h e t e n s i o n s u r f a c e was recorded.
An e l e c t r o n i c t i m i n g d e v i c e was used t o d e l a y t h e f l a s h by a p r e -s e t i n t e r v a l .
With t h i s arrangement t h e t i m e when t h e f l a s h reached i t s maximum i n t e n s i t y could be determined w i t h a n a c c u r a c y comparable viith t h e d u r a t i o n of t h e f l a s h ( 5 0 /is). By p r o g r e s s i v e l y i n c r e a s i n g t h e p r e -s e t t i m e d e l a y f o r s u c c e s s i v e impact t e s t s a s e r i e s of photographs was o b t a i n e d c o v e r i n g e a c h s t a g e of t h e f r a c t u r e process. Consequently, a comprehensive i n t e r p r e t a t i o n of t h e impact f o r c e -t i m e s i g n a l was p o s s i b l e . -Impact speed 5m/s, mass of impactor 8kg, I n p u t energy = 1005.
-Specimens a r e f r e e l y s u p p o r t e d on a r i n g .
-( s t a n d a r d d e v i a t i o n s a r e quoted i n b r a c k e t s ) 
COMMISSION ON POLYMER CHARACTERIZATION AND PROPERTIES
The photographs of t h e damaged t e n s i o n s u r f a c e s enabled a q u a n t i t a t i v e a n a l y s i s of t h e c r a c k f o r v a r i o u s absorbed impact e n e r g i e s . T o t a l c r a c k l e n g t h s w e r e measured using a H e w l e t t Packard 9 8 7 4 8 d i g i t i s e r connected t o a H e w l e t t Packard 9 8 4 5 computer, a f t e r t a k i n g account of t h e m a g n i f i c a t i o n f a c t o r of t h e photograph.
I f i t i s assumed t h a t t h e c r a c k p e n e t r a t e s t h e f u l l t h i c k n e s s of t h e specimen, t h e n c r a c k area can be determined by m u l t i p l y i n g t h e t o t a l c r a c k l e n g t h by specimen thickness. Figure 7 i l l u s t r a t e s a sequence of photographs f o r various s t a g e s of impact a t 2 3 T . It must be emphasised t h a t each photograph r e l a t e s t o a s p e c i f i c specimen w i t h a s p e c i f i c force-time curve.
Consequently, t h e f o r c e -t i m e curve included i n f i g u r e 7 i s t y p i c a l and included f o r purposes of i l l u s t r a t i o n .
The e n e r g i e s absorbed by each specimen which a r e quoted w i t h t h e photographs were measured from t h e a p p r o p r i a t e force-time curves.
It i s c l e a r from f i g u r e 7 t h a t f i r s t damage on t h e t e n s i o n s u r f a c e occurs before t h e maximum f o r c e i n t h e force-time s i g n a l .
This i s a l s o t h e c a s e a t -2 O O C and +6OoC. The force-time s i g n a l i n f i g u r e 7 r e l a t e s t o a f i l t e r e d s i g n a l , and i t i s known t h a t t h e p o i n t of f i r s t damage f o r a n u n f i l t e r e d s i g n a l c o i n c i d e s with a peak ( s e e f i g u r e 5 f o r l a b o r a t o r y 3 ) .
It i s a l s o p o s s i b l e t o provide a n i n t e r p r e t a t i o n of t h e energy t o t h e maximum f o r c e peak by using t h i s photographic study.
The c r a c k has propagated t o t h e s u p p o r t s by t h e t i m e t h e maximum f o r c e peak has been reached.
Therefore t h e a s s o c i a t e d energy i s approximately t h e sum of energy t o i n i t i a t e a c r a c k and propagate i t t o t h e supports. It i s not c e r t a i n t h a t t h e c r a c k has p e n e t r a t e d t h e f u l l t h i c k n e s s of t h e specimen a l t h o u g h t h e photograph a t 4 Joules h i n t s a t t h i s being so.
I f t h i s i s c o r r e c t t h e n by i m p l i c a t i o n , t h e remainder of t h e energy absorbed by t h e specimen i s f r i c t i o n a l and geometric i n nature.
Consequently, t h i s r e s i d u a l energy i s u n r e l a t e d t o t h e m a t e r i a l toughness. An overview of t h e t e m p e r a t u r e dependence of toughness emerges from t h e r e s u l t s p r e s e n t e d i n f i g u r e 8. Energy absorbed by t h e specimen i s p l o t t e d a g a i n s t n o t i o n a l c r a c k a r e a ( t o t a l c r a c k l e n g t h x specimen t h i c k n e s s ) , S u r p r i s i n g l y t h e s e d a t a appear t o be s t r a i g h t l i n e p l o t s f o r which energy per u n i t a r e a c a n be a s s o c i a t e d w i t h a n o t i o n a l f r a c t u r e toughness.
Low energy instrumented falling weight impact
Two l a b o r a t o r i e s have conducted some l o w e n e r g y impact tests ( 3 0 , 31) i n order t o f u r t h e r r e s o l v e and c o n f i r m t h e o n s e t of i n i t i a l damage i n t e r m of i n t e r p r e t a t i o n of t h e f o r c e -t i m e s i g n a l . S e v e r a l f a i l u r e mechanism a r e known t o be p o s s i b l e f o r impact of [ +45] 2s l a m i n a t e s of CF/ PEEK. These i n c l u d e i n t r a -l a m i n a r f r a c t u r e , d e l a m i n a t i o n f r a c t u r e ( i n t e r -l a m i n a r f r a c t u r e ) o r f i b r e c r a c k i n g ( t r a n s -l a m i n a r f r a c t u r e ) . I t i s p r o b a b l e t h a t s e v e r a l of t h e s e mechanisms c a n be a c t i v e a t t h e same time.
One p a r t i c u l a r i s s u e t h a t c a n be addressed from low energy IFWI i s whether t h e energy t o c r e a t e s u r f a c e s p l i t s ( i n t r a l a m i n a r f r a c t u r e ) c a n occur more r e a d i l y t h a n d e l a m i n a t i o n f r a c t u r e .
Consequently, impacted specimens t h a t r e c e i v e d o n l y small amounts of impact energy were u l t r a s o n i c a l l y C-scanned subsequent t o impact t e s t i n g , i n o r d e r t o o b t a i n a measure of d e l a m i n a t i o n damage. ( I n b o t h l a b o r a t o r i e s , no f i l t e r i n g of t h e s e s i g n a l s o c c u r r e d ) .
Consequently, t h i s f e a t u r e enabled t h e energy t o i n i t i a t e damage t o be determined.
The g e o m e t r i e s used i n t h e two l a b o r a t o r i e s were made d e l i b e r a t e l y d i f f e r e n t and r e s u l t s a r e summarised i n Table 3 . Table 3 i s s i m i l a r t o t h e energy absorbed by a specimen i n c r e a t i n g a t e n s i o n s u r f a c e c r a c k i n t h e photographed impact study.
The mean energy t o i n i t i a t e damage i n impact from t h e r e s u l t s f o r l a b o r a t o r y 2 and
Also, t h e r e s u l t s from l a b o r a t o r y 3 a g r e e g e n e r a l l y w e l l w i t h p r e v i o u s d a t a f o r e n e r g y t o c r e a t e f i r s t damage ( s e e Table 2 ) . Photographs of t h e i r low energy impact specimens i n d i c a t e t h e p r e s e n c e of s u r f a c e c r a c k s when t h e i n p u t energy exceeded 1 . 4 J o u l e s .
It i s t h e r e f o r e l i k e l y t h a t t h e f i r s t damage i s t e n s i o n s u r f a c e s p l i t t i n g and t h i s c a n be d e t e c t e d on t h e f o r c e -t i m e p l o t .
U l t r a s o n i c C-scans of t h e low energy impact specimens r e v e a l e d d e l a m i n a t i o n damage. An approximate a n a l y s i s of i n p u t e n e r g y v e r s u s measured a r e a of C-scan damage enabled t h e t h r e s h o l d energy f o r d e l a m i n a t i o n t o be a p p r o x i m a t e l y determined ( 3 0 ) . A t h r e s h o l d e n e r g y of about 1 . 3 J o u l e s f o r t h e geometry employed f o r l a b o r a t o r y 2 was o b t a i n e d . Although t h i s v a l u e of d e l a m i n a t i o n energy i s t e n t a t i v e , i t i s l a r g e r t h a n t h a t e n e r g y a s s o c i a t e d w i t h t e n s i o n s u r f a c e s p l i t t i n g ( 0 . 8 7 J o u l e s ) implying t h a t t h e f i r s t f a i l u r e mechanism must be t e n s i o n s u r f a c e s p l i t t i n g .
O v e r a l l , t h e s e o b s e r v a t i o n s c l a r i f y t h e v a r i o u s f e a t u r e s t h a t occur on t h e f o r c e -t i m e s i g n a l s c o l l e c t e d i n t h e impact s t u d i e s .
CONCLUDING COMMENTS
This s t u d y of toughness of CF/PEEK composites has provided a n e a r l y h i s t o r y of developments of t h e r m o p l a s t i c based composites, t o g e t h e r w i t h a n i d e n t i f i c a t i o n of some of t h e e a r l y toughness s t u d i e s .
These were mainly based on d e l a m i n a t i o n toughness ( i n t e r -l a m i n a r f r a c t u r e ) .
The r e s u l t s r e p o r t e d h e r e expand on t h e e a r l y approaches. I n p a r t i c u l a r , a t t e n t i o n i s g i v e n t o i n t r a -l a m i n a r f r a c t u r e toughness.
The dilemma of t h e i n f l u e n c e of a n i s o t r o p y i n t h e d e r i v a t i o n of t h e compliance f u n c t i o n s , and i n p a r t i c u l a r some of t h e geometry terms, has been r e s o l v e d .
To a good approximation, i t would a p p e a r t h a t t h e i s o t r o p i c geometric f u n c t i o n s c a n be used f o r u n i d i r e c t i o n a l composites.
Impact toughness o b t a i n e d from i n s t r u m e n t e d impact machines p r e s e n t s problems i n t h e i n t e r p r e t a t i o n of t h e f o r c e -t i m e s i g n a l s .
The c h a r a c t e r i s t i c s of t h e s e s i g n a l s are s t r o n g l y i n f l u e n c e d by t h e d e g r e e of e l e c t r i c a l f i l t e r i n g i n t h e monitoring c i r c u i t r y . R e l i a b l e d a t a c a n be o b t a i n e d from i n s t r u m e n t e d t e s t s o n l y i f a n u n f i l t e r e d s i g n a l i s analysed. Photographed impact and low energy impact h e l p r e s o l v e some of t h e s e i s s u e s and a c l e a r u n d e r s t a n d i n g of t h e f a i l u r e e v e n t s f o l l o w s . 
